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The noncollinear hexagonal antiferromagnet UPdSn exhibits two magnetic phase transitions, at 35.5 
and 23 K. The first transition is from a hexagonal paramagnetic state to a noncollinear 
antiferromagnetic state with a doubled unit cell (phase I). The second 23-K transition is to a 
monoclinic magnetic structure (phase II). Ever since these transitions were discovered, the question 
has been whether the moments simply rotate at 23 K, or whether the y and z components of the 
moment order at 35.5 K while the x component orders out of incipient fluctuations at the lower 23-K 
transition. While previous powder studies were rather inconclusive on this point, in this study new 
single-crystal neutron-diffraction results are presented that show the second picture to be correct. In 
addition, the structural distortions that accompany the change in symmetry are discussed and show 
that there is phase-II type magnetic short-range order between 23 and 35.5 K. 

The ternary intermetallic compound UPdSn is one mem- 
ber of the set of 1:l:l UTX (where T=transition metal, 
X=p-electron metal) compounds that has been studied for 
some time nowle3 with a view to understanding the role of 
f-d hybridization in uranium magnetism, and in particular 
the huge magnetocrystalline anisotropies that are observed. A 
picture is emerging in which the f electrons hybridize in 
directions or planes containing nearest-neighbor U-U links, 
with the ordered magnetic moments perpendicular to these 
directions or planes. However, UPdSn does not fit the gen- 
eral pattern and exhibits more localized behavior, as mani- 
fested in its low electronic specific heat (3k,=5 
J mol-’ K-2)4 and its relatively large ordered moment (2.05 
& at low temperature).’ The Pd and Sn atoms are ordered 
chemically in the GaGeLi structure and the uranium ions 
exhibit a complicated noncollinear magnetic structure with a 
Niel temperature of 37 K.5 The original powder-diffraction 
work5 on the magnetic structure assumed two magnetic 
phase transitions, the lower being at 25 K, with a monoclinic 
noncollinear magnetic structure (phase II, see Fig. 1) below 
25 K, an orthorhombic noncollinear magnetic structure 
(phase I, in which 8=0 and r=90”) between 25 and 37 K 
and a paramagnetic hexagonal phase above 37 K. Magneti- 
cally driven structural distortions with these symmetries have 
recently been observed and characterized,6 confirming the 
original magnetic structure determination. However, there 
have always been two different ways of regarding the 25-K 
transition; in a moment-rotation picture, well-defined local 
moments would start to rotate away from the b-c plane at 25 
K, but there would be no anomalies in the temperature varia- 
tion of the total uranium moment. Alternatively, the y and z 
components of the moment could order at 37 K, while the x 
component ordered at the lower temperature of 25 K. In 
between, /-lx would only be short-range ordered or fluctuat- 
ing. In this case, there would be a discontinuity in the varia- 

tion of the total moment with temperature, so the two pic- 
tures should be distinguishable by experiment. In fact a 
careful temperature-dependent study has already been done 
on a powder sample,7 but the results were rather inconclu- 
sive. If viewed in spherical-polar coordinates, the order pa- 
rameters all seem to vary smoothly with no evidence of the 
25-K transition. On the other hand, if viewed in Cartesian 
coordinates, it seems that ruy orders at 37 K or so while px 
orders at 25 K, thereby favoring the idea that ,u~ condenses at 
the lower temperature. 

Since that study single crystals have been grown and, in 
the course of a study of the magnetic phase diagram’ of 
UPdSn, it was shown that the 010 reflection, whose intensity 
is proportional to ,u,“, does vary much more sharply with 

FIG. 1. The crystallographic and magnetic structures at low temperature of 
UPdSn, with magnetic space group P,112,. The figure on the right shows 
the monoclinic basal plane. The primitive crystallographic unit cell (which 
corresponds to the parent hexagonal cell) is shown by the dashed lines, 
while the magnetic unit cell is shown by the solid lines. The figure on the 
left shows the projection onto a plane perpendicular to the (I axis. Neither 
the atom sizes nor the lattice constants are drawn to scale and the deviation 
from 90” of the monoclinic angle y has been grossly exaggerated. However, 
the atom coordinates within the cell are drawn to scale. 
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temperature than in the powder. In this article, we report new 
temperature-dependent single-crystal data taken on the 010, 
011, 012, 100, and 120 reflections. These give definitive evi- 
dence that pX does indeed condense at the lower temperature 
of 23 K and that it is short-range ordered or fluctuating be- 
tween 23 and 35.5 K. 

The crystal of UPdSn is the same 1 mm-diam 5-mm- 
long sample used in previous studies of the magnetic phase 
diagram’ and magnetic form factor.’ It was grown by the 
tri-arc Czochralski method and for the present experiments 
was glued into a 1-cm-diam cylindrical aluminum block. The 
cylinder axis of the crystal was approximately 18” away 
from the [llO]hexag,,nal ( =[lOO]oithorhombic) axis which was 
aligned along the axis of the aluminum block. This was in- 
stalled in a closed-cycle helium refrigerator, which was 
mounted on the BT-4 triple-axis spectrometer at the NET 
Research Reactor. A pyrolytic graphite monochromator and 
filter were used with an incident neutron wavelength y=2.35 
%, and the analyzer was removed. For most of the data pre- 
sented here, the collimation was 40’/40’/40’, but both 
coarser (40’/40’/open) and tighter (60’/20’/20’ and 
20’/20’/10’) collimations were used in the specific instances 
noted in some of the figures. ‘Iwo different crystal orienta- 
tions were used; (a) with the [loo] orthorhombic axis verti- 
cal, giving access to the 010, 011, and 012 reflections of one 
particular domain pair, and (b) the [OOl] axis giving access to 
the 010, 120, and 100 reflections of the same domain pair. As 
the cylinder axis of the sample is close to vertical in the first 
geometry, corrections for self-absorption are a minimum in 
this case and will be similar for the 010,011, and 012 reflec- 
tions. In contrast, with the [OOl] axis vertical such correc- 
tions will be much larger and more variable from reflection- 
to-reflection. We have, therefore, only used the 010,011, and 
011 reflections to determine the model parameters p, 0, and 
4 in the magnetic structure of UPdSn. 
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FIG. 2. The variation in peak intensity with temperature for the following 
magnetic Bragg reflections: (a) 010, (b) 012, (c) 011, (d) 120, and (e) 100. 
All data are for the magnetic domain (or pair of domains in the low- 
temperature monoclinic phase) and 40’/40’/40’ collimation was used in all 
cases. The solid circles represent data taken with the [loo] orthorhombic 
axis vertical, while the open circles represent data taken with the [OOl] axis 
vertical. The data were counted for 5 min per point except for the solid 
circles in (a) which were counted for 3 min per point. These single crystal 
data are directly comparable with the powder results in Fig. 4 of Ref. 7. 

The temperature variations of the peak intensities of all 
reflections measured are shown in Fig. 2. The peak widths 
were also measured at a limited sample of these temperatures 
for each reflection and, except for the case of the 100 reflec- 
tion, were found to be temperature independent. There is 
evidence in these scans of two transitions and we extract 
transition temperatures of 23 and 35.5 K. These values are in 
reasonable agreement with previous results. 

the consequent angular spread of 0.7” between them, but 
with a large population of domains in each orientation and a 
continuous distribution of orientations to accommodate the 
strains that are induced by the transformation. 

In the case of the 100 reflection, full peak scans were 
also made in order to measure the integrated intensities and 
the results are shown in Fig. 3. These results are very differ- 
ent from the peak intensities in Fig. 2(e) and the reason is 
that the peak width increases dramatically below 23 K. The 
inset to Fig. 3 shows peak widths of rocking curves mea- 
sured with very high angular resolution. This broadening is 
due to the structural transformation, i.e., orthorhombic to 
monoclinic, that accompanies the magnetic transition from 
phase I to phase II.6 The monoclinic angle y has previously 
been determined to be 90.35”, by means of high-resolution 
neutron powder diffraction.6 No splitting between the two 
monoclinic domains was observed, but the angular distribu- 
tion is broad and flat-topped with a width of approximately 
0.8” full width at half-maximum (FWHM). This is qualita- 
tively consistent with having both monoclinic domains and 

We therefore believe that, apart from the 100 reflection, 
the peak intensities are proportional to the integrated inten- 
sity that one would measure in a rocking-curve measure- 
ment. The intensity of the 010 reflection shown in Fig. 2(a) is 
much as reported previously, for this single crystal.* There is 
also clear evidence of two transitions in Figs. l(b)-(d). In- 
deed it is almost inconceivable that simple moment rotation 
could give rise to the step rise at approximately 23 K. In 
order to demonstrate this point definitively, the intensities of 
the 010, 011, and 012 reflections were fitted to the model of 
the magnetic structure shown in Fig. 1. The high-temperature 
background, derived from data points with temperatures 
greater than 42 K, was subtracted from the data and the 
intensities were corrected for the difference in counting time, 
the l/sin 0 Lore& factor as is appropriate for integrated in- 
tensities of rocking curves1o and the U3+ magnetic form 
factor.’ The model parameters /.L, 0, and 4 were then treated 
as adjustable variables and the results are shown as the solid 
circles in Fig. 4. The rise in total moment at 23 K is clear 
evidence that the moments are not simply rotating. An extra 
component seems to be condensing at this temperature. The 
open circles in Fig. 4 represent simply the component of the 
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FIG. 3. The variation in integrated intensity for rocking curves through the 
100 magnetic reflection, as a function of temperature. The solid circles are 
the raw data and the dashed line is calculated from the model parameters 
displayed in Fig. 4, which were in turn derived from the peak intensities of 
the 010,011, and 012 reflections as displayed in Fig. 2. The inset shows the 
variation in peak width with temperature for the same 100 reflection mea- 
sured with 20’/10’/10’ collimation. 

moment in the b-c plane and this is fairly well behaved at 23 
K. The small glitch there may be evidence of coupling be- 
tween moments in the b-c plane and those perpendicular 
(cs;) to it, but the basic picture for this material is that the 
in-plane moments condense at 35.5 K with px condensing at 
the lower transition. Now, the integrated intensity of the 100 
reflection is simply proportional to p; and we can, therefore, 
calculate the intensity of the 100 reflection at all tempera- 
tures from the values of ruy. Suitably scaled to the lowest- 
temperature-measured integrated intensity, these results are 
shown as the dashed line in Fig. 3. The agreement between 
these results, which were derived from the peak intensities of 
the 010,011, and 012 reflections are in very good agreement 
with our direct measurements of integrated intensities for the 
100 reflection. 

In summary, the main result of this article is shown in 
the lowest panel of Fig. 4, which shows definitively that the 
23-K transition in UPdSn is best thought of as due to con- 
densation of a long-range ordered h out of short-range mag- 
netic order in this coordinate between 23 and 35.5 K. In 
UPdSn, we are not dealing with simple rotation of local mo- 
ments. In addition, we have observed a large orientational 
broadening in the single crystal, which is consistent with the 
monoclinic structural distortion previously observed by pow- 
der diffraction. 
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FIG. 4. The variation of model parameters b 0, and 4, with temperature as 
extracted from the 010, 011, and 012 peak intensities from Fig. 2. These 
single-crystal data are directly comparable with the powder results in Fig. 3 
of Ref. 7. The dashed lines are guides to the eye and have no theoretical 
significance. 
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